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Ab s t  r a c t  
A comparison of observat ions with s e v e r a l  e a r t h  s a t e l l i t e s  
r e v e a l s  t h a t  t h e  inne r  edge of t h e  ou te r  r a d i a t i o n  zone of e l e c t r o n  
E, > 1 . 6  MeV i n t e n s i t i e s  has moved outward from L - 2 . 2  i n  mid 1958 
t o  L = 3.0  i n  l a t e  1964. 
zone occurs  during t h e  dec l in ing  phase of s o l a r  a c t i v i t y  cyc le  19 
and s t rong ly  suggests  a systematic  change of t h e  average va lue  of  one 
- 
This outward motion of  t h e  o u t e r  r a d i a t i o n  
o r  more of t h e  s o l a r  wind parameters over t h i s  t ime pe r iod .  
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I n  t r o  duct o r  y Comment s 
Measurements of t h e  r a d i a t i o n  b e l t s  surrounding t h e  e a r t h  
have now been performed over a s u b s t a n t i a l  f r a c t i o n  of  a s o l a r  
a c t i v i t y  cyc le ,  t h e  descending p o r t i o n  of solar cycle  1.9, with 
e a r t h  s a t e l l i t e s  and space probes beginning with t h e  discovery 
of t h e  geomagnetically t rapped r a d i a t i o n  with t h e  ins t rumenta t ion  of  
Explorer  1 launched on 1 February 1958. 
be t h e  predominant, p r imal  source of energy r equ i r ed  t o  maintain 
t h e  r a d i a t i o n  b e l t s  surrounding t h e  e a r t h - - a t  l e a s t  beyond an 
e q u a t o r i a l  geocent r ic  radial  d i s t a n c e  of about 2 e a r t h  r a d i i - - v i a  
t h e  flow of solar corpuscular energy, o r  s o l a r  wind, p a s t  t h e  e a r t h .  
Thus it i s  of i n t e r e s t  t o  combine t h e  d a t a  from a number of s a t e l l i t e s  
and space probes flown during t h e  p a s t  seven yea r s  f o r  an i n v e s t i g a t i o n  
of changes i n  t h e  s t r u c t u r e  of t h e  o u t e r  r a d i a t i o n  zone during a 
s o l a r  a c t i v i t y  cyc le .  One such study i s  r epor t ed  he re  us ing  an 
e s s e n t i a l l y  homogeneous body of d a t a  obta ined  from s i m i l a r l y  
sh i e lded  (- 1 g em 
which respond p r imar i ly  t o  e l e c t r o n s  E, 
r a d i a t i o n  zone [O'Brien,  Van Al l en ,  Laughlin,  and Frank, 1962; 
Frank, Van Al l en ,  and H i l l s ,  19641, and which have been flown by us  
on Explorers  4, 7, 1 2 ,  and 14; In juns  1, 3 ,  and 4; Pioneers  3 and 4; 
and OGO 1. 
The sun i s  now be l i eved  t o  
-2 ) ,  nominally i d e n t i c a l  Geiger-Mueller tubes  
1 MeV i n  t h e  ou te r  
.. 
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A Parameter f o r  t h e  Determination 
of t h e  Long Term Var i a t ion  
The p r o f i l e s  of e l ec t ron  (Ee >, 1 MeV) i n t e n s i t i e s  i n  t h e  
o u t e r  r a d i a t i o n  zone a r e  cha rac t e r i zed  by marked temporal changes 
i n  gross  s t r u c t u r e  and i n t e n s i t i e s  i n  a s s o c i a t i o n  with v a r i a t i o n s  
i n  geomagnetic a c t i v i t y  as measured, f o r  example, by t h e  p l a n e t a r y  
magnetic i nd ices  Kp. Typica l ly ,  during a geomagnetic storm cyc le  
t h e  i n t e n s i t i e s  of e l ec t rons  (Ee ,>1 MeV) f l u c t u a t e  by a f a c t o r  
of - 100 and t h e  p o s i t i o n  of t h e  ou te r  zone maximum i n t e n s i t y  
v a r i e s  over a range of  L - 3.0 t o  5 .0  [Forbush, P i z z e l l a ,  and 
Venkatesan, 19621 [Frank,  Van Al l en ,  and H i l l s ,  19643. Thus, 
i n  order  t o  s tudy  v a r i a t i o n s  of t h e s e  p r o f i l e s  over a pe r iod  of 
s e v e r a l  yea r s ,  it i s  necessary t o  f i n d  some c h a r a c t e r i s t i c  of t h e  
s igna tu re  of t he  o u t e r  r a d i a t i o n  zone which i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  s h o r t  t ime-scale  (-- 1 month) pe r tu rba t ions .  A f e a t u r e  of t h e  
i n t e n s i t y  p r o f i l e s  u t i l i z e d  h e r e  i s  exemplif ied by t h e  Explorer  1 2  
d a t a  o f  Figure 1. ShoWi are  t h r e e  contours o f  t h e  type  302 G.M. 
tube  response f o r  t h r e e  similar Explorer  12 passes  through t h e  
so -ca l l ed  ' s l o t ' ,  o r  minimm count - ra te  region a t  L - 2.6 between 
t h e  ou te r  r a d i a t i o n  zone a t  h ighe r  L-values and inne r  r a d i a t i o n  
zone (p rc tons ,  E > 29 MeV) a t  t h e  lower L-values.  Although t h e s e  
d a t a  were taken  over a per iod of -- 1 month during which t h e  ou te r  
P -  
I 
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zone maximum i n t e n s i t y  changed markedly, t h e  s t a b i l i t y  of t h e  
p o s i t i o n  of t h e  inne r  edge of t h e  ou te r  r a d i a t i o n  zone of 
e l e c t r o n s  (Ee > 1 MeV) a t  L = 2.6  (2  0.1) i n d i c a t e s  t h a t  t h i s  
parameter i s  appropr i a t e  f o r  our  p re sen t  i n v e s t i g a t i o n  of l ong  
term v a r i a t i o n s .  S imi la r  analyses  of 302 G.M. t ube  d a t a  from 
Explorer  4 [Van Al l en ,  McIlwain, and Ludwig, 19591, Pioneer  3 
[Van Al len  and Frank, 1959a] ,  Explorer  7 [Forbush, P i z z e l l a ,  
and Venkatesan, 19621, Explorer 1 4  [Frank,  Van Al l en ,  and 
cv 
H i l l s ,  19641, I n j u n  3 [Craven, 19661, and OGO 1 [Frank,  
Van Al len ,  H i l l s ,  and F i l l i u s ,  19651 a r e  summarized i n  F igure  2 .  
Note t h a t  d a t a  from both high and low e c c e n t r i c i t y  s a t e l l i t e s  
and from space probes a r e  combined i n  a s i n g l e  p l o t ,  and t h a t  
determinat ions of t h e  inne r  edge of t h e  ou te r  r a d i a t i o n  zone 
as d iscussed  above during similar per iods  f o r  bo th  h igh ,  e c c e n t r i c  
and low, c i r c u l a r  o r b i t i n g  s a t e l l i t e s  a r e  i d e n t i c a l  w i th in  
experimental  e r r o r  (compare Pioneer  3 and Explorer  4,  Explorer  1 4  
and In jun  3) .  
s t a t e ?  e l e c t r o n  i n t e g r d l  spectrometer on s a t e l l i t e  1963 38C 
[ W i l l i a m s  and Kohl, 19651 have been included f o r  comparison with t h e  
G.M. t ube  da t a .  F igure  2 shows t h a t  t h e  inne r  edge of t h e  ou te r  
r a d i a t i o n  zone has  s h i f t e d  from L 2 2.2  i n  mid 1958 t o  L 2: 3.0  i n  
l a t e  1964, o r  A L “1 over an approximately s ix-year  pe r iod .  The 
Elec t ron  (Ee >1.2 MeV) measurements with a s o l i d  
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gross  na tu re  of dec l in ing  so lar  a c t i v i t y  i s  r ep resen ted  by t h e  
p a r a l l e l  p l o t  of smoothed sunspot numbers f o r  t h i s  t ime p e r i o d  
[ C e n t r a l  Radio Propagation Laboratory Bu l l e t in -F ,  P a r t  B ,  i s s u e d  
January 19651 i n  F igure  2. The Explorer  1 4  and In jun  3 measure- 
ments shown i n  t h e  summary graph may be  a r t i f i c i a l l y  high due t o  
t h e  r e s i d u a l  r a d i a t i o n  i n j e c t e d  by t h e  t h r e e  Sovie t  nuc lear  b u r s t s  
during l a t e  October--ear ly  November 1962. 
It may be inqu i r ed  whether, f o r  our  p re sen t  d e f i n i t i o n  of  
t h e  p o s i t i o n  of t h e  inne r  edge of t h e  o u t e r  r a d i a t i o n  zone 
(F igure  l), t h e  e f f e c t  displayed i n  F igure  2 might be merely a 
man i fe s t a t ion  of an increas ing  b a s e - l i n e  ' s l o t '  count ing r a t e  
over t h e  pe r iod  of observat ions.  Reference t o  t h e  l i t e r a t u r e  
quoted above shows, however, t h a t  t h e  ' s l o t '  responses  of t h e  
302 G.M. tube  a t  a given geomagnetic l a t i t u d e  a r e  approximately 
cons tan t  o r  slowly decreasing over t h i s  t ime i n t e r v a l ,  t hus  
producing a n e g l i g i b l e ,  o r  s l i g h t l y  con t r a ry  e f f e c t .  
Upon cons idera t ion  of t h e  above obse rva t iona l  evidence we 
conclude t h a t  t h e  inner  edge of t h e  o u t e r  r a d i a t i o n  zone has  
s h i f t e d  from L 2: 2.2 t o  L 2 3.0 over t h e  pe r iod  1958-1965 dur ing  
t h e  dec l in ing  phase of t h e  s o l a r  cyc le .  
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Discussion 
The most s i g n i f i c a n t  e a r l y  s tudy o f  t h e  temporal v a r i a t i o n s  
of t h e  e l e c t r o n  d i s t r i b u t i o n  i n  t h e  ou te r  r a d i a t i o n  zone i s  t h a t  
of Forbush, P i z z e l l a ,  and Venkatesan [1962] .  These au thors  found 
a systematic  nega t ive  c o r r e l a t i o n  between t h e  L va lue  of t h e  
maximum ou te r  zone i n t e n s i t y  (L 
dur ing  t h e  pe r iod  October 1959 t o  December 1960. The observed 
va lue  of Lmax l a y  i n  t h e  range 2.6 t o  4.7, with a median va lue  
- 3.5.  
median value - 4.0 with In jun  3; and during l a t e  1964, Frank 
e t  dl. [1965] found Lmax - 4 . 5  with OGO 1. 
) and t h e  geomagnetic U-index ' max 
During 1963, Armstrong [1965] found Lmax t o  have a 
It i s  suggested t h a t  t h e  outward movement of t h e  inne r  edge 
of t h e  ou te r  zone by DL - 1 . 0 ,  as r epor t ed  h e r e i n ,  and t h e  out -  
ward movement of t h e  peak i n t e n s i t y  of t h e  o u t e r  zone, a l s o  by 
AL - 1 . 0 ,  during approximately the  same time pe r iod  of d e c l i n i n g  
s o l a r  a c t i v i t y  a r e  complementary consequences of t h e  same b a s i c  
cause--namely a sys temat ic  change of t h e  average va lue  of .one o r  
more of t h e  s o l a r  wind parameters ,  dens i ty ,  bulk v e l o c i t y ,  
temperature ,  and magnetic f i e l d  s t r eng th  [ c f .  Snyder, Neugebauer, 
and Rao, 19631. The phys ica l  l i nkage  between t h e  two measures of 
t h e  o u t e r  zone p r o f i l e  i s  presumably t h e  r a d i a l  d i f f u s i o n  of - 1 MeV 
e l e c t r o n s  a s  r epor t ed  by Frank [1965] ,  t h e  average r a t e  of d i f f u s i o n  
.. 
. a 
be ing  apparent ly  g r e a t e r  and/or t h e  mechanism f o r  radial d i f f u s i o n  
p e n e t r a t i n g  more deeply i n t o  t h e  magnetosphere during pe r iods  of  
h igher  average s o l a r  a c t i v i t y .  
The so la r - cyc le  v a r i a t i o n  of atmospheric d e n s i t y  [King-Hele 
and Rees, 19651 i s  q u a n t i t a t i v e l y  inadequate  [Van Al l en ,  19641 and 
of t h e  wrong a lgeb ra i c  s ign  t o  account f o r  t h e  outward movement . 
of t h e  outer-zone p r o f i l e .  
Also it may be noted t h a t  t h e  t y p i c a l  magnitude of t h e  
peak i n t e n s i t y  of ene rge t i c  e l e c t r o n s  (E ? 1 MeV) i n  t h e  o u t e r  
zone near t h e  geomagnetic equator  as observed by Pioneers  3 and 4 
e 
[Van Al len  and Frank, 1959a, b], Explorer  12 [Freeman, 19641, 
Explorer  14 [Frank,  V a n  Al len ,  and H i l l s , .  19643, and OGO 1 
[Frank, Van Al l en ,  H i l l s ,  and F i l l i u s ,  19651 has  no t  d i sp layed  
a marked change during t h e  decreas ing  p o r t i o n  of t h e  s o l a r  a c t i v i t y  
cyc le ,  perhaps i n d i c a t i n g  a ' s a t u r a t e d '  magnetosphere with regard  
t o  t h e  popula t ion  of - 1 MeV e l e c t r o n s .  
I n  t h e  framework of  the  p re sen t  d i scuss ion ,  it i s  a n t i c i p a t e d  
t h a t  t h e  L-p ro f i l e  of t h e  outer  zone will move back inward toward 
t h e  e a r t h  during t h e  next  s eve ra l  years  of expected inc rease  i n  s o l a r  
a c t i v i t y .  
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FIGURE CAPTIONS 
Figure  1. Response of t h e  302 G.M. tube f o r  s eve ra l  similar 
passes  of  Explorer 1 2  through t h e  ' s l o t '  reg ion  between 
t h e  inne r  and ou te r  r a d i a t i o n  zones.  
F igure  2 .  Summary of  t h e  p o s i t i o n s  of t h e  inne r  edge of t h e  
2 1 MeV) as observed ou te r  r a d i a t i o n  zone ( e l e c t r o n s  E 
with s i m i l a r  de t ec to r s  i n  va r ious  spacec ra f t  over a s i x  . 
year  pe r iod .  
t h e  p a r a l l e l  p l o t  of smoothed sunspot numbers. 
e 
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